considered the cellular correlate of mnemonic events in the working memory process Miller et al. 1996) . Although the delay period activity has been reported in many other cortical and subcortical areas (Curtis and Lee 2010; Hikosaka et al. 2000; Watanabe and Funahashi 2004) , DLPFC cell firing during the delay period is more resistant to distractors than in other regions (Artchakov et al. 2009; Miller et al. 1996) .
The exact mechanisms underlying sustained delay-related activity of DLPFC neurons are still largely unclear. The specific organization of neuronal circuitry in this brain area, especially in layer 2/3 Kritzer and Goldman-Rakic 1995; Melchitzky et al. 1998 Melchitzky et al. , 2001 Pucak et al. 1996; Selemon and Goldman-Rakic 1988) , and distinctive morphological and electrophysiological properties of these neurons may contribute to the unique features of delay-related firing in PFC. For example, anatomical observations of pyramidal cells in human and macaque monkey PFC revealed a higher number of dendritic branches and higher spine density than their counterparts in other cortical regions (Elston 2003; Elston et al. 2001; Jacobs et al. 2001) . Such increased dendritic complexity and spine density of PFC neurons may reflect the integration of a large number of incoming inputs of diverse origin. Furthermore, it may also indicate a specialization of DLPFC neurons in recurrent excitation, a proposed mechanism for generation of persistent delay-related activity (Wang 2001) .
The intrinsic firing properties of pyramidal neurons may be a crucial determinant of in vivo firing and behavioral performance. For instance, age-related changes of intrinsic membrane properties of monkey DLPFC neurons correlate with age-related changes in working memory performance (Chang et al. 2005; Luebke et al. 2010; Luebke and Amatrudo 2010) and thus could explain the age-related changes in working memory task-related firing of monkey DLPFC neurons in vivo (Wang et al. 2011) . Despite the importance of intrinsic membrane properties of primate DLPFC pyramidal neurons, only a few studies have reported detailed data on the electrophysiological properties of primate DLPFC pyramidal cells, focusing mostly on layer 5 pyramidal neurons (Chang and Luebke 2007) . We have performed multiple studies of neurons, synapses, and small circuits in layer 3 of monkey DLPFC, addressing mostly properties of GABA neurons (Gonzalez-Burgos et al. 2004 , 2005a Krimer et al. 2005; Povysheva et al. 2007 Povysheva et al. , 2008 Zaitsev et al. 2005 Zaitsev et al. , 2009 . Moreover, our studies of layer 3 pyramidal neurons from monkey DLPFC were focused on synaptic properties (Gonzalez-Burgos et al. 2004 Povysheva et al. 2006 ) and neuromodulation (Gonzalez-Burgos et al. 2005b; Henze et al. 2000; Urban et al. 2002) , but no detailed description of the electrophysiological subclasses of layer 3 pyramidal cells was obtained.
Current classifications of pyramidal cells are based on the cells' firing patterns as well as the shape of their action potentials (Connors and Gutnick 1990; de la Pena and Geijo-Barrientos 1996; Degenetais et al. 2002; Foehring et al. 1991; Larkman and Mason 1990; Maravall et al. 2004; Yang et al. 1996) , whereas the subthreshold membrane properties are often overlooked (but see Kawaguchi 1993; Schwindt et al. 1997) . Recently, we have shown that multivariate statistical analysis of a large neuronal data set is a powerful classification tool that allowed us to reliably define multiple subclasses of GABA neurons in layer 3 of monkey PFC Zaitsev et al. 2005 Zaitsev et al. , 2009 ). In the present study we employed cluster analysis for unbiased delineation of the physiological groups of pyramidal cells in layer 2/3 of monkey DLPFC. Sixteen electrophysiological measures of subthreshold, single spike, and firing pattern properties have been chosen for this multivariate statistical analysis. We describe four distinct electrophysiological classes of pyramidal cells in DLPFC, including two classes of regular spiking (RS) cells with different input resistance, low-threshold spiking (LTS) cells, and a class of cells with intermediate properties.
MATERIALS AND METHODS

Slice Preparation
Twelve experimentally naive young adult (3.5-6 kg; 3.5-4-years old), male, long-tailed macaque monkeys (Macaca fascicularis) were used in this study. All studies were conducted in accordance with the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Pittsburgh Institutional Animal Care and Use Committee. The procedure used to obtain tissue from the DLPFC has been previously described in detail (Gonzalez-Burgos et al. 2004) . Briefly, animals were treated with ketamine hydrochloride (25 mg/kg im), dexamethasone phosphate (0.5 mg/kg im), and atropine sulfate (0.05 mg/kg sc); an endotracheal tube was inserted, and anesthesia was maintained with 1% halothane in a 28% O 2 -air mixture. Monkeys were placed in a stereotaxic apparatus, and a craniotomy was performed over the DLPFC in one hemisphere. The dura was removed in a location determined by stereotaxic coordinates and by the position of relevant sulcal landmarks, and a small block of tissue was excised containing both the medial and lateral banks of the principal sulcus (area 46) as well as a small adjacent portion of dorsal area 9. After the surgery, the animals were treated with an antibiotic (chloramphenicol, 15 mg/kg im) and an analgesic (hydromorphone, 0.02 mg/kg im) three times a day for 3 days. All animals recovered quickly with no impairments in eating or drinking and no overt behavioral deficits. In most cases, the animals underwent the same procedure 2-4 wk later to obtain tissue from a nonhomotopic portion of the contralateral areas 46 and 9. During the second procedure, after the craniotomy, the animal was given an overdose of pentobarbital sodium (30 mg/kg) and perfused through the heart with ice-cold modified artificial cerebrospinal fluid before the tissue block was quickly excised. Subsequent treatment of the tissue was the same for both procedures. Previous studies have demonstrated that the initial biopsy did not affect the properties of neurons obtained in the contralateral hemisphere Henze et al. 2000) .
The tissue blocks were placed in ice-cold Ringer solution containing (in mM) 126 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgSO 4 , 26 NaHCO 3 , and 10 dextrose, pH 7.4, perfused with a 95%O 2 -5%CO 2 gas mixture. Coronal 350-m-thick slices were cut from each block using a Vibratome (VT 1000S Leica, Wetzlar, Germany) and incubated for 1 h at 36°C and at room temperature thereafter, or at room temperature from the beginning. For recordings, slices were submerged in a chamber mounted on the microscope and perfused with Ringer solution at 32°C. Other brain slices from these animals were used and reported in studies of interneurons (Povysheva et al. 2006 Zaitsev et al. 2005 Zaitsev et al. , 2009 .
Electrophysiological Recordings
Pyramidal cells in layer 2/3 were visualized using infrared differential interference contrast (DIC) videomicroscopy and identified on the basis of their triangular soma and the presence of an apical dendrite. Patch electrodes with open-tip resistances of 5-10 M⍀ were filled with a solution containing (in mM) 114 potassium gluconate, 6 KCl, 4 MgATP, 0.3 GTP, 10 HEPES, 0.5% biocytin, and pH 7.25 adjusted with KOH. Whole cell current-clamp recordings were performed after seal resistance of at least 1.5-2 G⍀ was reached. Voltages were amplified using Intracellular Electrometers Hamden, CT) or MultiClamp 700A (Axon Instruments, Union City, CA) operating in a bridge-balance mode, filtered online at 4 -5 kHz, and acquired on a personal computer at a sampling rate of 20 kHz using Power 1401 interface and Signal 2 or Signal 3 software (CED, Cambridge, UK). Access resistance typically was 15-30 M⍀ and remained relatively stable during experiments (Յ30% increase) for the cells included in the analysis. Membrane potential was not corrected for the liquid junction potential. To characterize the intrinsic membrane properties of neurons, hyper-and depolarizing current steps of 500-ms duration were applied in 5-to 10-pA increments at 0.2 Hz with two repetitions. Recordings of intrinsic membrane properties were done immediately after membrane rupture and lasted less than 5 min. All included cells had resting potentials more negative than Ϫ50 mV and overshooting spikes.
Electrophysiological Analysis
A number of electrophysiological parameters were measured. Resting membrane potential (RMP; in mV) was determined as the stable membrane potential (no holding current applied) reached a few minutes after breaking the membrane.
Subthreshold membrane properties. Input resistance (R in ; in M⍀), is the slope of the regression line fitted to the voltage-current (V-I) curve (usually between Ϫ50 and Ϫ10 pA) as measured at the end of the 500-ms voltage responses. The membrane time constant (in ms) was determined from the monoexponential curve best fitting the average voltage response to the small hyperpolarizing current steps. Rheobase (I 0 ; in pA) is the minimum current that evoked firing. Sag (in %) was measured during a 500-ms hyperpolarizing current step (50 pA) as the percent change between the most negative membrane potential (Vh max ) and steady-state membrane potential at the end of the step (Vh ss ): (Vh max Ϫ Vh ss )/Vh ss ϫ 100%. Rebound depolarization (RD; in %) was measured after a 500-ms hyperpolarizing current step (50 pA) as a maximal positive voltage deflection above RMP (Vrd max ) and normalized to the amplitude of steady-state voltage deflection during that hyperpolarizing current step: Vrd max /Vh ss ϫ 100%. Hump (in %) was estimated at the depolarizing current step that preceded spiking as the percent change between the maximal (Vd max ) and steady-state membrane potential: (Vd max Ϫ Vd ss )/Vd ss ϫ 100%.
Action potential properties. Action potential (AP) properties were analyzed at I 0 . Time to first spike (TFS; in ms) is the time from the beginning of stimulation to the first spike. Action potential threshold (APT; in mV) is the membrane potential at the point at which the interpolated rate of voltage rise (dV/dt) reached Ͼ10 mV/ms. Action potential amplitude (APA; in mV) was measured from the threshold to the peak. Action potential duration (APD; in ms) is the spike width at its half-amplitude. Amplitude of the afterhyperpolarization (AHP; in mV) was measured from the APT to the most negative membrane potential after the spike. Amplitude of the fast component of the AHP (fAHP; in mV) was measured from the APT to the hyperpolarization peak or, if present, to the onset of the medium component of the AHP (mAHP). The latter was determined as the crossing point of a marked slowing in the voltage drop to Ͻ5 mV/ms. The depolarizing afterpotential (ADP; in mV) was measured as the positive voltage deflection between fast and medium AHPs. Amplitude of the mAHP (in mV) was measured from the peak ADP to the peak AHP. If ADP was absent, mAHP was measured from the end of the fAHP. The time interval t AHP (in ms) was measured as the interval between onset of AHP and the hyperpolarization peak.
Firing pattern properties. To determine firing pattern properties, two times the I 0 was applied, except for the interspike interval between the first and second spikes at minimal suprathreshold current (ISI 1-2 ; in ms). Steady-state frequency (f ss ; in Hz), the reciprocal of the average of the four to nine interspike intervals (ISIs), was measured within the last 250 ms of the response to depolarizing current pulses, where firing frequency remained relatively stable. Late frequency adaptation (FFA L ; in %), is the percent decrease in the frequency from onset (reciprocal to the 1st ISI) to steady-state frequency. Initial frequency adaptation (FFA I ; in %) is the percent decrease in frequency, measured as the reciprocal of the first and second ISIs.
Frequency-current relationship properties.y Frequency-current relationship (f-I) properties were calculated for the first and second instantaneous firing frequency (1/ISI). f n _k (in Hz/pA) is the slope of linear trend for the instantaneous firing frequency n (1/ISI n ) vs. current (for n ϭ 1, 2). f n _ threshold (in Hz) is the intercept of the extrapolated f-I linear fit with the frequency axis (for n ϭ 1, 2).
Histological Processing and Morphological Analysis
After recordings were made, slices were immersed in 4% paraformaldehyde in 0.1 M phosphate buffer for 24 -72 h at 4°C and then cryoprotected (33% glycerol and 33% ethylene glycol in 0.1 M phosphate buffer) and stored at Ϫ80°C. To visualize biocytin, about one-half of the slices were incubated with streptavidin-Alexa Fluor 633 conjugate (Invitrogen; dilution 1:500) for 24 -48 h at 4°C in phosphate buffer containing 0.4% Triton X-100. Pyramidal cells were imaged using an Olympus Fluoview 500 confocal laser scanning microscope equipped with a ϫ20/0.80 N.A. oil-immersion objective. The remaining slices were serially resectioned at 40 -50 m, and then the sections were treated with 1% H 2 O 2 for 2-3 h at room temperature, rinsed, and incubated with the avidin-biotin-peroxidase complex (1:100; Vector Laboratories, Burlingame, CA) in phosphate buffer for 4 h at room temperature. Sections were rinsed, stained with 3,3=diaminobenzidine, mounted on gelatin-coated glass slides, dehydrated, and coverslipped. Some of these pyramidal neurons were reconstructed using the Neurolucida tracing system (MicroBright-Field, Williston, VT).
Statistical Analysis
All statistical tests were performed using Statistica 6.1 software (StatSoft, Tulsa, OK). Unless otherwise stated, all data are means and standard error of measurement. To divide pyramidal cells into groups based on electrophysiological properties, the cluster analysis was employed, following Ward's hierarchical clustering algorithm with Euclidean distance, which reduced cluster size by consecutively merging data points based on the least possible increase in the within-group sum of squared deviation (Johnson and Wichern 1998; Ward 1963) . Before the cluster analysis was performed, all variables were normalized to their z scores. The statistical significance between group means was tested using ANOVA followed by Fisher's least significant difference (LDS) post hoc tests (multiple comparison tests).
RESULTS
Classification Based on Subthreshold Responses, AP, and Firing Pattern Properties
Seventy-seven pyramidal cells from 12 monkeys were included in this study (4 -12 neurons per animal). Neurons were identified as pyramidal cells based on biocytin labeling following electrophysiological recording; in each case, these cells had clear apical and basal dendrites that were densely covered with spines. The somata of cells were located across the depth of layer 2/3 (between 300 and 800 m from the pial surface). Representative examples of reconstructed layer 2/3 pyramidal cells are shown in Fig. 1 .
According to the current qualitative electrophysiological classifications, pyramidal cells can be grouped into cells that fire bursts of multiple spikes [intrinsic bursting neurons, also termed LTS cells] and RS cells that fire trains of single spikes during current pulse injection; RS cells are a predominant electrophysiological type of pyramidal neurons in layer 2/3 (Chang and Luebke 2007; de la Pena and Geijo-Barrientos 1996; Degenetais et al. 2002; Foehring et al. 1991; Hattox and Nelson 2007; Tasker et al. 1996; Yang et al. 1996) . Different subclasses of RS pyramidal cells are described based on somewhat arbitrary criteria such as the degree of changes in AP threshold and spike frequency adaptation across a sustained train of APs (Agmon and Connors 1992; Chang and Luebke 2007; Degenetais et al. 2002; Nunez et al. 1993) ; however, the tentative correspondence between groups identified in previous studies is not always obvious (Degenetais et al. 2002) .
In our view, a reliable electrophysiological classification of pyramidal cells should be based on the most functionally relevant aspects of a neuron's electrophysiological properties. Recently, we showed that a multivariate statistical approach to the classification of cortical interneurons is superior to "subjective" analyses, because it permits multiple parameters to be considered in concert, which is very difficult to accomplish with any type of subjective analysis Zaitsev et al. 2005) . Thus, to determine which electrophysiological classes of pyramidal neurons could be segregated using a multivariate statistical approach, we performed a cluster analysis. First, we determined which variables should be included. Because a neuron's functions depend on its 1) subthreshold responses, 2) AP, and 3) firing pattern properties, we chose 24 electrophysiological variables in an effort to comprehensively describe these properties (see MATERIALS AND METH-ODS for details). It is important that selected variables are independent and describe different parameters of neuronal behavior. Therefore, we calculated correlation coefficients to determine whether any of the measures were correlated. Weakto-moderate correlations (r ϭ 0.20 -0.40) were found between many variables; however, stronger correlations (r Ͼ 0.50) were observed only between a few variables. For example, strong correlations were found between R in and I 0 (r ϭ Ϫ0.73), between sag, hump, and RD (r ϭ 0.66 -0.86), between f 1 _k, f 2 _k, and f ss (r ϭ 0.56 -0.73), and between f 1 _ threshold and f 2 _ threshold (r ϭ 0.72). Of pairs of strongly correlated parameters, only one was included into cluster analysis. Instead of sag, hump, and RD, we used the derivative parameter equal to the sum of values of sag, hump, and RD. In total, 16 variables were chosen, namely, R in , , APT, APA, APD, AHP, mAHP, ADP, t AHP , f ss , FFA L , FFA I , ISI 1-2 , f 1 _k, f 1 _ threshold , (sag ϩ hump ϩ RD); the mean of absolute correlation coefficients between the 16 variables was 0.21 Ϯ 0.01 (P Ͼ 0.05). All variables were normalized, and then Ward's hierarchical clustering algorithm with Euclidean distance was used for classification. The obtained hierarchical tree suggested four main electrophysiological classes of pyramidal cells ( Fig. 2A ).
Next, we checked whether the cells in each cluster had firing properties that matched some of the properties proposed in previous studies ( Fig. 2B ). We found that clusters 1 (n ϭ 27) and 2 (n ϭ 13) included mostly RS cells. These cells generated trains of single spikes with relatively low frequencies and prominent frequency adaptation (Fig. 3A ). Both the firing frequency and the frequency adaptation almost invariably increased with an increase in intensity of the stimulating current. Cluster 4 (n ϭ 13) consisted mostly of LTS cells, which discharged with a burst of two to five fast spikes in response to just suprathreshold depolarizing current steps ( Fig. 3B ). During the initial burst, AP threshold slightly increased and the amplitude slightly decreased. After the initial spike burst, LTS neurons fired single spikes with progressive spike frequency adaptation and stable spike threshold and spike amplitude. Cluster 3 (n ϭ 24) included RS cells (n ϭ 9) and pyramidal cells (n ϭ 15), which exhibited firing properties intermediate (IM) between RS and LTS types (Fig. 3C ). The same cell might exhibit a RS pattern at just above firing threshold stimulation but show a pattern more similar to that of LTS cells at an increased level of depolarization current.
The result of the cluster analysis indicates the degree of similarity among neurons but does not assign statistical significance to the grouping. To determine whether the clusters contained cells with statistically distinct properties, we applied the ANOVA test to all the measured variables. For any pair of clusters, the Fisher's LSD post hoc test was thereafter applied to compare the means (Table 1) . ANOVA revealed significant differences between clusters for 21 of 24 electrophysiological variables, confirming the statistical significance of the obtained classification.
Analyzing the results of the Fisher's LSD post hoc test, we found that cells from cluster 4 had the most distinctive properties because they were different from cells in the other clusters in the maximal number of electrophysiological properties (9 of 24), including almost all single-spike properties and f-I relationship properties. Cluster 3 was different from all other clusters in its subthreshold properties (R in , sag), different kinetics of afterpotentials, and firing frequency adaptation. Clusters 1 and 2, both consisting of RS cells, differed from each other in R in , f-I relationship properties, and some other properties (Table 1) . On the basis of electrophysiological properties of cells included in each cluster, we named the clusters accordingly: 1) RS cells with low input resistance (RS_LRi), 2) RS cells with high input resistance (RS_HRi), 3) IM cells, and 4) LTS cells. Below we provide a comprehensive comparison of pyramidal cells from each cluster.
Subthreshold Membrane Properties
RMP was the only parameter that did not differ between electrophysiological classes of pyramidal cells (ANOVA, F ϭ 0.5, P ϭ 0.70). The resting potential had a mean value of 72.2 Ϯ 0.6 mV for the total pyramidal cell population follow- R in showed remarkable differences between the electrophysiological classes. A Fisher's LSD test revealed that pyramidal cell classes could be subdivided into three distinct groups ( Table 1 ). The lowest R in was exhibited by IM cells (118 Ϯ 7 M⍀), whereas LTS cells showed relatively large R in (261 Ϯ 42 M⍀). RS_LRi cells had almost two times smaller R in than RS_HRi cells (174 Ϯ 16 vs. 332 Ϯ 28 M⍀; Fig. 4 ). As a consequence, RS_HRi and LTS cells had lower I 0 than RS_LRi and IM neurons (Table 1) . Membrane time constant was maximal in LTS cells, and thus this cell type may be more efficient at summation of excitatory synaptic potentials.
In response to hyperpolarizing current steps, IM pyramidal cells (cluster 3) exhibited a large time-dependent rectification that produced a delayed depolarizing sag, shifting the membrane potential toward the RMP. The sag was more pronounced when the cells were hyperpolarized more than 10 -20 mV relative to the RMP, suggesting it was likely produced by the current through hyperpolarization-activated and cyclic nucleotide-gated channels (I h ; Pape 1996; Robinson 2003) . Whereas pyramidal cells from cluster 3 exhibited the largest sag (20.2 Ϯ 2.6%), cells in the other clusters typically showed no detectable sag or a small sag (7-13%) (Figs. 4 and 5).
The majority of pyramidal cells that exhibited profound depolarizing sag during hyperpolarizing current steps showed a transient RD after the end of the hyperpolarizing current. The strong correlation between sag and RD (r ϭ 0.86, P Ͻ 0.001; Fig. 5A ) indicates that the ionic mechanisms of both phenomena are similar and that I h can contribute to the RD, as well. In contrast to previous reports (de la Pena and Geijo-Barrientos 1996; Degenetais et al. 2002; Yang et al. 1996) , the RD in our conditions never caused rebound spikes in IM cells, which had the largest sag amplitude, or in other clusters.
In response to subthreshold depolarizing current steps, almost all LTS cells and IM cells exhibited a humplike depolarizing voltage deflection, which was not observed in either class of RS cells (Figs. 4 and 5) . The initial bursts of APs in LTS neurons suggest the involvement of low-threshold calcium channels underlying the bursting mechanism. In agreement with this, the amplitude of the humplike depolarization was voltage dependent in that it increased as the depolarizing current step was applied from more hyperpolarized membrane potentials (Fig. 5C ). In the total population of cells, the hump amplitude was significantly correlated with the amplitude of the sag (r ϭ 0.66, P Ͻ 0.01; Fig. 5B ) and of the rebound depolarization (r ϭ 0.67, P Ͻ 0.001; Fig. 5A ), indicating that I h may contribute to the hump, as well. It is worth noting that the slope of the regression line for sag vs. hump differed between pyramidal cell classes ( Fig. 5B ): LTS cells had the steepest slope, and although LTS cells had smaller sag than IM cells (LTS sag: 13.2 Ϯ 2.0%; IM sag: 20.2 Ϯ 2.6%), the hump amplitude was similar (LTS hump: 32.3 Ϯ 4.6%; IM hump: 31.2 Ϯ 3.7%).
Single-Spike Properties
The properties of individual APs were evaluated from the first spikes evoked by minimal suprathreshold current. The latency to the first spike did not differ between cell groups, with an average value of 131 Ϯ 6 ms. APT was considerably lower in LTS (Ϫ44.0 Ϯ 0.8 mV) than in RS pyramidal cells (Ϫ40.4 Ϯ 0.9 mV in RS_LRi and Ϫ40.0 Ϯ 0.9 mV in RS_HRi), indicating a greater excitability of the LTS cell class. LTS cells had the longest spike duration at half-maximal amplitude (1.12 Ϯ 0.11 ms) compared with other pyramidal cell classes (0.88 -0.93 ms). The amplitude of the first spike was significantly smaller in RS_LRi pyramidal cells (64 Ϯ 4 mV) than in all other cell classes.
In the majority of neurons, the first AP in a train was followed by the same sequence of afterpotentials; a fast AHP was followed by a depolarizing afterpotential and then by a medium AHP. However, the depolarizing afterpotential amplitude varied significantly between cells and was undetectable in some neurons (Fig. 6 ). The depolarizing afterpotential was generally more prominent in IM cells (2.4 Ϯ 0.4 mV) than in RS cells (0.8 Ϯ 0.2 mV in RS_LRi and 0.5 Ϯ 0.3 mV in RS_HRi). The medium AHP was larger in amplitude and almost twice as long in duration in RS_LRi than in RS_HRi cells. In LTS cells a prominent depolarizing afterpotential led to the next spike, which completely masked a medium-component AHP. After the initial burst of spikes, LTS cells fired single spikes with the same sequence of afterpotentials as RS pyramidal cells.
Firing Pattern Properties
Onset response. The most remarkable electrophysiological feature of LTS cells compared with other cell groups is their ability to fire bursts of APs at the beginning of the response to just suprathreshold depolarizing current pulses. A typical layer 2/3 LTS pyramidal cell fired just one burst consisting of three to four spikes followed by a train of single spikes. In contrast, both classes of RS and IM cells typically generated trains of single spikes with low frequencies in response to just suprathreshold depolarizing current pulses. To quantify this aspect of firing pattern, the ISI 1-2 in the train was selected. ISI 1-2 was measured at just suprathreshold depolarizing current pulses. We found that LTS cells exhibited the shortest ISI 1-2 (27 Ϯ 15 ms), whereas the mean value of ISI 1-2 in other pyramidal cell groups was several times larger ( Fig. 7, Table 1 ).
Firing frequency adaptation. To characterize the firing frequency adaptation, the instantaneous spike frequency was plotted against the ISI number. With near-threshold depolarizing current steps, both classes of RS cells displayed a nonadapting or weakly adapting firing pattern, whereas the LTS cells exhibited strong firing frequency adaptation (Fig. 8 ). An increase of current enhanced firing frequency adaptation in RS and IM cells. In RS pyramidal cells, firing frequency adaptation developed within the first three to six spikes (the first 100 -200 ms after the onset of the current pulses); later, the firing frequency remained relatively stable until the end of the current pulse. In response to an increase of current magnitude, most IM cells fired a pair of spikes at the beginning of the train. The initial spike doublet was followed by an almost nonadapting firing pattern. To compare the degree of adaptation between cell classes, the firing frequency adaptation was estimated at a current intensity two times the I 0 . Late and initial firing frequency adaptations were calculated as the percentage of decrease in the frequency from the onset instantaneous frequency (reciprocal of the 1st ISI) to steady-state frequency (late adaptation) and to the 2nd instantaneous frequency (initial adaptation). The late adaptation was stronger in LTS (86 Ϯ 2%) and IM cells (76 Ϯ 2%) than in RS cells (50 Ϯ 2% in RS_LRi and 58 Ϯ 5% in RS_HRi). The largest initial firing frequency adaptation was found for IM cells (66 Ϯ 3%); in all other pyramidal cell classes, it was only about 40% (Fig. 8E , Table 1 ).
Interestingly, the changes in firing frequency adaptation with increasing current were cell type specific. To estimate this property, an adaptation ratio was calculated as the ratio of the first to the last ISI so that stronger firing frequency adaptation is represented by a smaller adaptation ratio. In RS cells, adaptation ratio strongly decreased with an increase of the stimulation current, whereas in LTS cells, adaptation ratio increased. In the majority of the IM cells, a fast initial decrease of adaptation ratio was followed by a stable adaptation ratio ( Fig. 9 ). When depolarizing current steps reached 150 -200 pA above firing threshold, a similar adaptation ratio of 0.2-0.4 was observed almost in all pyramidal cells. Thus the differences in firing pattern between pyramidal cell classes reduced with increasing levels of depolarization.
Current-to-Frequency Transduction in Different Electrophysiological Classes of Pyramidal Cells in Monkey DLPFC
An essential characteristic of neuronal function is the transduction of synaptic inputs into discharge. Thus we compared how the different electrophysiological classes of pyramidal cells transform a steady depolarizing input into AP discharge. First, we investigated how rapidly monkey pyramidal cells start firing in response to different intensity depolarizing current steps. The instantaneous frequency of the first spike (f 0 ) (calculated as 1/latency to the 1st spike) rose linearly with the increase of stimulation current. The slope of current vs. instantaneous frequency was significantly different between pyramidal cell classes, being maximal in RS_HRi pyramidal cells (0.75 Ϯ 0.01 Hz/pA), minimal in IM cells (0.30 Ϯ 0.01 Hz/pA), and intermediate in LTS (0.48 Ϯ 0.01 Hz/pA) and RS_LRi cells (0.46 Ϯ 0.01 Hz/pA) (Fig. 10A ).
Next, we examined how the discharge frequencies of different electrophysiological classes of pyramidal cells changed with the increase of current steps. Because pyramidal cells exhibit firing frequency adaptation, we studied changes of initial and steady-state frequencies by plotting them against the amount of current injected (f/I plot). The instantaneous frequency corresponding to the first ISI (f 1 ) rose more steeply with an increase of injected depolarizing current than other instantaneous frequencies in all electrophysiological classes. At the same time, the relationship between f 1 and injected current was cell class specific. In the majority of RS (30/40 cells) and IM cells (16/24 cells), f 1 increased linearly with current intensity. In some RS cells (10/40 cells) from both RS_LRi and RS_HRi classes, the f 1 /I plot had two distinct regions, with an initial shallow slope being followed by a slightly steeper slope. In contrast, one-third of IM cells (8/24) and all LTS cells exhibited a flattening of the slope (Fig. 10, C  and D) . The presence of two ranges on the f 1 /I plot is reflected in the linear fit parameters. The intercept of linear fit (f 1_threshold ) was negative if an initial shallow slope was followed by a steeper slope and positive in cases of flattening of the f 1 /I curve. We found that f 1_threshold in RS cells was close to 0 Hz (1.1 Ϯ 1.2 in RS_LRi and 1.0 Ϯ 5.4 in RS_HRi, whereas f 1_threshold was 102 Ϯ 15 Hz in the LTS cell cluster and 17 Ϯ 8 Hz in the IM cell cluster). The slopes of the f 1 /I curve were significantly different between pyramidal cell classes, being maximal in RS_HRi pyramidal cells (1.22 Ϯ 0.15 Hz/pA) and about two times smaller in other cell groups (Table 1) . Thus RS and LTS pyramidal cells were clearly separated in the f 1_threshold vs. f 1_slope plot (Fig. 10F ). The f 2 /I plots had similar structure; however, a smaller number of cells exhibited two distinct regions. Steady-state frequency increased linearly with current in all cell types, and their dynamics were similar.
DISCUSSION
In this study, we examined passive and active intrinsic membrane properties of layer 2/3 pyramidal cells of monkey DLPFC and found that these neurons are electrophysiologically diverse. Values are means Ϯ SE of electrophysiological measurements in regular-spiking cells with low (RS_LRi; cluster 1; n ϭ 27) and high input resistance (RS_HRi; cluster 2; n ϭ 13), intermediate-spiking cells (IM; cluster 3; n ϭ 24), and low-threshold-spiking cells (LTS; cluster 4; n ϭ 13). See text for definition of electrophysiological characteristics. Following cluster analysis, Fisher's post hoc least significant difference (LSD) test was applied to compare the means for any pair of clusters 1-4 with statistically distinct properties; cluster numbers grouped within parentheses for a measurement indicate no significant difference between the indicated clusters, whereas different sets of parentheses for each measurement indicate significant differences between cells in each respective group of clusters.
Our results are in contrast with data obtained from rodents, where almost all supragranular pyramidal cells have the characteristic RS firing pattern and pyramidal neurons with dissimilar firing patterns can be found only in infragranular layers (Agmon and Connors 1989; Connors and Gutnick 1990;  However, electrophysiologically diverse pyramidal neurons were found in layer 2/3 in cat and human neocortex (Chen et al. 1996; Foehring et al. 1991; Nowak et al. 2003; Nunez et al. 1993; Tasker et al. 1996) . Thus the monkey neocortex, like human and cat neocortex, appears to differ from the rodent neocortex in having a greater heterogeneity in the electrophysiological properties of layer 2/3 pyramidal cells. Fig. 4 . Subthreshold membrane properties of the typical RS_HRi, RS_LRi, IM, and LTS cells in monkey DLPFC. A-D: voltage deflections to injection of a series of hyperpolarizing and subthreshold depolarizing current steps (500 ms, 10 pA per step) of a typical neuron from each cluster. Graphs show voltage-current (V-I) plots, where triangles indicate the maximal voltage deflection from the resting membrane potential (RMP) and circles indicate the voltage deflection at the end of the step. Note that a time-dependent rectification in response to hyperpolarizing current steps and rebound depolarization (RD) was larger in IM and LTS cells than in RS cells. In response to subthreshold depolarizing current steps, LTS and IM cells exhibited humplike upward voltage deflection; this was not typical for either class of RS cells. E: bar graph summarizing the mean values of sag, hump, and RD in all 4 classes. Note the different ratio between hump and sag in IM and LTS cells.
Factors Influencing Electrophysiological Properties In Vitro
However, the direct comparison of our results with other in vivo and in vitro studies should be done with some caution, because many experimental factors may influence the active and passive membrane properties of pyramidal neurons in vitro including composition of the intracellular solution and ionic medium, the temperature of the preparation during the electrophysiological recordings, and the degree of dendritic tree damage caused by slice preparation. For example, dendrotomy significantly increases R in and AP and AHP amplitudes and hyperpolarizes the AP threshold (Bekkers and Häusser 2007). Because some dendritic branches of pyramidal cells are trimmed during the slice preparation, it is possible that the electrophysiological differences between at least some cell classes are due to differences in the degree of dendritic damage. However, several lines of evidence combined indicate that Fig. 5 . Properties of sag, hump and RD in monkey DLPFC pyramidal neurons. A: sag vs. RD plot indicates a strong correlation (r ϭ 0.86, P Ͻ 0.001) between these parameters. B: sag vs. hump plot. Note that the slope of the regression line for sag vs. hump differs between pyramidal cell classes: LTS cells has the steepest slope. Symbols are as indicated in A. C: voltage dependence of humplike depolarization in LTS pyramidal cell. The amplitude of hump increases as the depolarizing current step is applied from more hyperpolarized membrane potentials. Fig. 6 . Sequences of afterpotentials in different electrophysiological classes of pyramidal cells in monkey DLPFC. A-D: in the majority of pyramidal neurons, the first action potential in a train was followed by the same sequence of afterpotentials: a fast afterhyperpolarization (fAHP) was followed by a depolarizing afterpotential (ADP) and then by a medium afterhyperpolarization (mAHP). The ADP was generally more prominent in IM cells (C) than in RS cells (B); moreover, the ADP was undetectable in some RS neurons (A). In LTS cells, a prominent ADP led to the next spike, which completely masked a mediumcomponent AHP (D). After the initial burst of spikes, LTS cells fired single spikes with the same sequence of afterpotentials as RS pyramidal cells. E: bar graph summarizing the measurements of amplitude of different components of AHP. this factor did not confound the present classification. First, if we assume that classes of RS_LRi and RS_HRi pyramidal cells represent the same population of RS cells in which RS_HRi cells are more damaged by slicing, then RS_HRi pyramidal cells should also have larger AP and AHP amplitudes and a more hyperpolarized APT than RS_LRi cells, as indicated by a previous experimental study (Bekkers and Häusser 2007) . In striking contrast, RS_HRi cells have smaller AP amplitude and similar AP threshold and amplitudes of AHP compared with RS_LRi pyramidal cells (Table 1) . Second, all pyramidal cells included in this study had clear apical and basal dendrites, and thus it is unlikely that differences in dendritic tree trimming Fig. 7 . First interspike intervals (ISI 1-2 ) in different electrophysiological classes of pyramidal cells in monkey DLPFC. LTS pyramidal cells exhibit burst firing to just suprathreshold depolarizing current pulses, and thus they have the shortest ISI 1-2 (30.5 Ϯ 19.2 ms). In other pyramidal cell groups, the mean value of ISI 1-2 is several times larger. A and B) display nonadapting or weakly adapting firing pattern, whereas the LTS cells (C) exhibit strong firing frequency adaptation; with larger depolarizing current steps, plots for RS and LTS cells look alike. In contrast, in IM cells (D), the initial spike doublet is followed by an almost nonadapting firing with the full range of depolarizing current steps, forming the characteristic plot. E: bar graph summarizing the mean values of early and late firing frequency adaptation (FFA) in the 4 classes. Note the different ratio between FFA _early and FFA _late in IM and LTS cells. Fig. 9 . Changes in adaptation ratio in different electrophysiological classes of pyramidal cells in monkey DLPFC. The changes in FFA with increasing current are cell type specific. In RS cells, adaptation ratio strongly decreased with an increase of the stimulation current, whereas in LTS cells, adaptation ratio increased. When depolarizing current steps reached 150 -200 pA above firing threshold, the similar adaptation ratio of 0.2-0.4 was observed in almost all pyramidal cells. during slice preparation significantly affected their electrophysiological properties.
The ionic medium composition may determine the electrophysiological type of cells. Neuronal types like chattering cells or neurons with high-frequency spike bursts have been described in the cat's visual, motor, and association cortical areas in vivo Nowak et al. 2003; Steriade et al. 1998 ). However, to be detected in slices they require specific ionic conditions, such as a 1.2 mM calcium concentration (Brumberg et al. 2000 ) that appears to be closer to that of in vivo-like ionic media at 1.2-1.4 mM (Hansen 1985) . In the present study, we used Ringer solution containing 2 mM CaCl 2 , the most typical composition for in vitro studies, and thus the presence of LTS and IM cells in layer 2/3 of monkey PFC is species specific, at least for these in vitro conditions.
Multiple reports have demonstrated effects of the main internal anion on the shape and the amplitude of AHP, especially on its medium and slow component (Kaczorowski et al. 2007; Zhang et al. 1994) . For example, the AHP is, on average, smaller in potassium gluconate immediately after the whole cell configuration is obtained and remains constant for the duration of the recording, whereas in potassium methylsulfate it is comparable to the AHP measured in the perforated-patch configuration. Thus the direct comparison of results obtained with sharp electrodes and patch electrodes with different compositions of the intracellular solution should be done with some caution. In our experiments, potassium gluconate-based intracellular solution was used, and although all registrations of active and passive membrane properties were done during the first 5 min after whole cell configuration was reached, we could not exclude an underestimation of the medium component of AHP. Because medium and slow AHP regulate firing frequency and its adaptation (Faber and Sah 2007; Sah and Faber 2002) , these parameters also might be affected.
Membrane properties of neurons are highly sensitive to temperature (Ali et al. 2007; Lee et al. 2005; Thompson et al. 1985; Volgushev et al. 2000) and are altered by reductions of only 5-10°C from normal body temperature (Thompson et al. 1985) . We performed our experiments at 32°C, the most typical temperature for such types of experiments. Thus it should be noted that these cooling of neurons may result in an increase in R in , slowing of AP kinetics, and an increase in the amplitude and duration of medium and slow AHP compared with the normal body temperature. 
Electrophysiological Classes of Layer 2/3 Pyramidal Cells in Monkey DLPFC
We classified monkey DLPFC pyramidal cells into four electrophysiological classes based on the results of cluster analysis. Two classes contain cells with RS firing pattern (RS_HRi cells and RS_LRi) and constitute 52% of the total pyramidal cell population, another class includes LTS cells (17%), and the last class consists of cells with an intermediate firing pattern (31%). The two classes of RS pyramidal cells differ in R in , membrane time constant , I 0 , AP amplitude, and f ss of firing (see Table 1 for a complete list of differences). Because of the differences in intrinsic properties, RS_HRi cells are more excitable than RS_LRi pyramidal cells, discharging with a higher frequency than RS_LRi pyramidal at the same level of stimulation. Thus the two classes of RS cells may play a different functional role in DLPFC circuitry. In previous classifications, RS cells were not separated on the basis of R in , with only a few exceptions to our knowledge (Kawaguchi 1993; Schwindt et al. 1997) . Usually, RS pyramidal cells were divided into two or three subgroups based primarily on the degree of changes in AP threshold and spike frequency adaptation across a sustained train of APs (Agmon and Connors 1992; Chang and Luebke 2007; Degenetais et al. 2002) . In contrast to these reports, we usually did not observe the changes in AP threshold or amplitude across the train of APs in monkey DLPFC RS cells in a range of applied depolarization current. Also, in our sample we did not detect cells with properties known as RS fast-adapting pyramidal cells, which fire a brief train of 2-10 APs followed by a depolarizing plateau (Chang and Luebke 2007; Degenetais et al. 2002; Nunez et al. 1993; Otsuka and Kawaguchi 2008) . The monkey DLPFC RS cells described in this study are most similar to neurons previously reported in rodents as RS1 (Agmon and Connors 1992) , RS (Kawaguchi 1993; Mason and Larkman 1990; Yang et al. 1996 ), or slow-adapting RS1 cells (Degenetais et al. 2002 ; in cats as RS slow-adapting (Nunez et al. 1993) or RS cells (Chen et al. 1996; Nowak et al. 2003) ; in monkey as non-LTS RS1 cells (Chang and Luebke 2007) ; and in humans as RS (Foehring et al. 1991 ) and non-LTS cells (Tasker et al. 1996) . Similar to RS cells from other species, RS cells in monkey DLPFC had little or no anomalous inward rectification detected in either the hyperpolarized or the depolarized membrane voltage range.
Here we report that at least one-third of pyramidal cells in layer 2/3 of monkey DLPFC exhibit LTS and IM firing patterns. In the LTS cells, the burst of APs was evoked at I 0 , whereas a larger current is required to evoke bursts in IM pyramidal cells. The bursts were typically two to five spikes long; two-spike bursts were most common in IM cells, whereas LTS cells commonly fired bursts with three to five spikes. As mentioned above, cells with burst firing are usually found only in deep layers in the rodent neocortex (de la Pena and Geijo-Barrientos 1996; Larkum et al. 2007; Mason and Larkman 1990; Schwindt et al. 1997) . For example, in rodent medial PFC, LTS cells constitute up to 64 -68% in layers 5 and 6 and Ͻ5% in layer 2/3 (de la Pena and Geijo-Barrientos 1996; Otsuka and Kawaguchi 2011; Yang et al. 1996) . However, it was reported that two initial high-frequency spikes ("doublets") can be evoked in cells in all cortical layers (Agmon and Connors 1992; Connors 1984; McCormick et al. 1985) . It is also worth noting that LTS cells in human neocortex are more similar to monkey IM cells than to monkey LTS cells, because at depolarized potentials (more positive than Ϫ69 mV), LTS neurons in human cortex respond with RS firing, whereas at more hyperpolarized potentials they respond with two-or, rarely, three-spike bursts that ride on a hump and are followed by rhythmic spiking (Foehring et al. 1991; Tasker et al. 1996) .
The LTS firing pattern is believed to be generated by low-threshold calcium channels (LTCC) (de la Pena and Geijo-Barrientos 1996; Yang et al. 1996) . In the present study, we did not directly investigate the ionic basis of the LTS firing pattern in monkey PFC neurons; however, some observations suggest the presence of LTCCs in monkey LTS and IM pyramidal cells. For example, we observed that the humplike depolarization in LTS and IM neurons was much more intense if the depolarizing current was applied at a more hyperpolarized membrane potential. In contrast, RS pyramidal cells typically did not exhibit hump at any membrane potential. Another sign of LTCC contribution is the presence of postspike ADP (Yang et al. 1996) . Although the ionic basis for the postspike ADPs differs widely in various central neurons (Higashi et al. 1993) , in rat PFC neurons, Ca 2ϩ entry plays a critical role in electrogenesis of ADPs (Yang et al. 1996) . IM cells possessed a large postspike ADP, in LTS cells the bursting complex also was derived from a ADP that followed the first AP, whereas ADP was less prominent or completely absent in RS pyramidal cells.
Functional Significance of the Findings
The DLPFC plays a key role in complex cognitive functions, for instance, working memory. In fact, it is generally assumed that the sustained firing of DLPFC neurons during the delay period of working memory tasks represents the active holding of relevant information required for correct task performance . The ability of DLPFC pyramidal neurons to sustain delay period firing during working memory tasks may be influenced by the intrinsic membrane properties of these cells. For example, strong firing frequency adaptation during sustained excitatory input opposes the production of persistent delay-related firing via recurrent excitation (Carter and Wang 2007; Pinto and Ermentrout 2001) . Consequently, strong spike frequency adaptation may decrease the efficacy of storage of information in working memory, as suggested by computational modeling studies (Carter and Wang 2007) . Interestingly, in the present study we did not observe fastadapting RS cells (Chang and Luebke 2007; Degenetais et al. 2002; Nunez et al. 1993; Otsuka and Kawaguchi 2008) . Moreover, no firing frequency adaptation was observed in RS cells if low-intensity depolarizing current was applied ( Fig. 9) . Under larger depolarizing current steps, the firing frequency remained relatively stable after the short period of rate adaptation: LTS and RS_HRi cells adapted within the first three to six spikes (the first 100 -200 ms after the onset of the current pulse), and IM and RS_LRi cells did not change their firing rates after the first ISI (Fig. 8, A, B, and E) . These data suggest that among the different pyramidal cell classes described in this study, RS cells appear to have the most appropriate electrophysiological properties for maintaining persistent delay-related firing.
During working memory tasks, some primate DLPFC neurons display brief cue-or response-related activity instead of sustained delay period-related firing (Goldman-Rakic 1996) . An important question is, therefore, whether differences in biophysical membrane properties, which strongly modulate the response to brief or sustained excitatory input, contribute to the different patterns of task-related firing of primate DLPFC neurons. However, many, if not most, individual DLPFC neurons respond in more than one phase of the trial, i.e., during the cue, delay, and/or response periods (Goldman-Rakic 1996) . Thus the heterogeneity of task-related activity of most primate DLPFC neurons cannot be determined by biophysical properties alone and probably requires the combined effects of intrinsic membrane properties, specific morphological properties, and functional connectivity. For example, the composite firing profile of DLPFC cells with activity in more than one phase of the task may be due to inputs from neurons whose activation is simpler and related to only one phase (Goldman-Rakic 1996) .
Neuronal activity in primate DLPFC is crucial for cognitive control, a cognitive mechanism allowing coordination of lower level sensory and motor operations and memory to achieve a specific goal (Miller 2000; Miller and Cohen 2001) . Cognitive control must implicate complex forms of information processing in DLPFC circuits, which may require specific forms of information transmission via DLPFC neuron activity. Interestingly, intrinsic bursting neurons may play unique roles in information transmission combined with specific forms of short-term synaptic plasticity. For instance, bursts may enhance transmission of information to downstream neurons (Lisman 1997) , enable coding of changes in network firing rate (Abbott et al. 1997) , or enhance recruitment of specific interneuron subtypes (Berger et al. 2010) . Importantly, whereas LTS cells had bursting properties irrespective of the depolarizing stimulus strength, IM cells displayed two modes of response, regular spiking and bursting firing, depending on the strength of stimulation and membrane potential value. Thus the proportion of monkey DLPFC neurons with bursting activity may vary according to the overall level of network activity.
Differential excitability of pyramidal cell classes and the diversity of current-to-frequency transduction properties may play an important role in cortical network functioning. For example, different cell types would be involved in firing with different strengths of synaptic stimulation: LTS and RS_HRi pyramidal cells need smaller depolarizing current to fire, and moreover, because they have a longer membrane time constant, they may be more efficient at summation of excitatory synaptic potentials. In contrast, IM and RS_LRi will be activated with stronger stimuli. RS cells are well suited to perform a linear transduction of synaptic inputs to spike output over a wide range of currents with different gain; the RS_LRi cells have a significantly smaller gain (f/I curve slope) than the RS_HRi cells and would thus fire fewer spikes in response to the same synaptic stimulation. It is worth noting that the cell excitability and the transduction gain are regulated by many neuromodulators, which have multiple effects on intrinsic membrane properties and synaptic neurotransmission (Saar and Barkai 2009; Seamans and Yang 2004) . For example, dopamine neuromodulation strongly affects the excitability of primate DLPFC pyramidal neurons and their firing in vivo during working memory tasks (Sawaguchi 2001; Wang et al. 2004; Williams and Goldman-Rakic 1995) . Moreover, extracellular dopamine levels in monkey DLPFC rise at the beginning of a working memory task and stay elevated across many trials (Watanabe et al. 1997) . A number of studies in both rat and primate PFC have confirmed that, at least under certain conditions, dopamine via D1 receptors increases the excitability of PFC neurons in vitro and in vivo (Seamans and Yang 2004) and thus changes their output gain. Our present results suggest that heterogeneity in the intrinsic firing properties of pyramidal cells may contribute to information processing in superficial layers of the DLPFC during cognitive function. Further studies are necessary to fully understand the complex interactions between biophysical properties of individual DLPFC neurons and other multiple factors that ultimately determine their patterns of activity in vivo during cognitive tasks. 
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